Nanostructure porous silicon layers with systematically varied pore size of 8-70 nm were fabricated onto the p-type c-Si wafers using electrochemical anodizing method from HF + ethanol and HF + ethanol + CdCl 2 solutions (hereafter PS and PSCD, respectively). Gas and photo sensors based on c-Si/PS (or PSCD)/ CdS and c-Si/PS/Cd 0.4 Zn 0.6 O heterojunctions were synthesized by depositing CdS and Cd 0.4 Zn 0.6 O films onto the c-Si/PS (or PSCD) substrates by electrochemical deposition (ED hereafter). The morphology of the PS and PSCD layers, CdS, and Cd 0.4 Zn 0.6 O films was studied using scanning electron microscopy (SEM). Gas-and photosensitivity properties of heterojunctions were studied as a function of pore size. The optimal pore size is determined, which provides the maximum gas-and photosensitivity of heterojunctions in this study. It was established that the heterojunctions based on PSCD possess higher gas-and photosensitivity than heterojunctions based on PS.
Introduction
Currently, materials prepared by low-temperature electrochemical processing of semiconductors, in particular PS, formed by electrochemical etching of monocrystalline silicon (c-Si) are of particular interest. Anodic polarization of c-Si in hydrofluoric acid solution leads to formation of controlled network of pores of various morphology, size, and orientation. It is generally known that the surface modification of the silicon wafer plays a major role in the sensitivity enhancement of gas and photo sensors [1, 2, 7] . So, the porous surface of silicon layers participates in the processes of light absorption, gas adsorption, and desorption.
On the other hand, nanostructured PS has emerged as an attractive material in the field of photoelectronics due to its broadband gap, wide optical transmission range, favorable absorption spectrum, and surface texture. The surface roughness and low effective refractive index which can reduce reflection losses of sunlight radiation are the primary benefits offered by PS over c-Si [3] [4] [5] . A highly porous PS layer can enhance the efficiency of solar cells by increasing light trapping in the active region [6] , solving the lattice mismatch problem, and surface reflection is also corrected due to the refractive index of silicon as reported by several other authors [7] [8] [9] [10] .
So, PS has disadvantages, also. The surface of the PS was covered with Si-H x bond groups immediately after the deposition. In the process of storage in air, the Si-H x bond groups are replaced by Si-O x bond groups, and ultimately, silicon nanocrystallites are covered by an amorphous layer which is the main reason for the instability and degradation of all electrical, photovoltaic, photoluminescent, and sensor devices based on PS. There are various technological methods used for the passivating of the PS surface. For example, in [11] , the passivating of PS was performed at the excretory hydrogen plasma. Passivating of PS can also be done by inserting different elements into the matrix. For example, in [12] , the authors employed carbohydrate solutions in the PS matrix and then tried to carbide the matrix by thermal annealing. As the authors point out, carbohydrates decompose at a temperature of 2000°C and are converted to carbon and water vapor. Since carbohydrates are not volatile, almost all carbon in them remains in the pores. At this time, the size of the molecules of the selected carbohydrate should be smaller than the size of the pores. The authors have chosen sucrose as a conventional carbohydrate product. In some cases, the process of passage of hydrogen and oxygen in the PS was carried out directly with the deposition process. For this purpose, various salts (AuCl3, FeCl3, NaNO2, KIO3, CrO3, etc.) were added to the solution in the deposition process [13] [14] [15] [16] [17] [18] . In [13, 14] , gold and iron chloride salts were added at different concentrations during the dissolution of PS. The main purpose of the study was to replace the non-stable Si-H x complexes by Si-Au or Si-Fe stable bonds. It has been established that anodizing in a metallic atmosphere not only stabilizes but also improves the electrical and optical parameters of PS.
Therefore, for the purpose of comparison, the results of investigations of the morphological, electrical, and photoelectrical parameters of heterojunctions p-Si/ CdS and p-Si/Cd 0.4 Zn 0.6 O based on PS [19, 20] and PSCD are considered in this chapter.
Preparation p-Si/PS (or PSCD)/CdS and p-Si/PS (or PSCD)/ Cd 0.4 Zn 0.6 O heterojunctions
P-type single-crystal Si wafer with orientation of (100), resistivity of 0.01-2.5 Ohm cm, and thickness of 0.2-0.6 μm was etched through an electrochemical process to produce the porous structure. Before anodizing, the c-Si surface was cleaned from the SiO 2 oxide layer as well as contaminants, in an aqueous solution of hydrofluoric acid (HF), washed with deionized water at a temperature of 80°C and ethyl alcohol, and then dried in air. Anodizing of the c-Si substrate surface was carried out in a Teflon chamber with a platinum cathode [19, 20] .
HF:ethanol (1,1) solutions with and without CdCl 2 (aqueous solution of CdCl 2 in 10:1 concentration was added to solution) were used for the formation of porous silicon. The anodizing current was 40-70 mA/cm 2 . Depending on the anodizing time (30-1800 seconds) and potential in solutions, PS layers (prepared from solution without CdCl2) and PSCD layers (prepared from solution with CdCl2) with the pore sizes of 8-70 nm were prepared on the c-Si surface. For the comparison, electrical and photoelectrical properties of heterojunctions on the base of PS and PSCD layers, prepared at same anode potentials (20, 25 , and 30 V), were investigated. After the formation of PS and PSCD layers, the samples were immersed in ethyl alcohol, dried in air, and placed in an electrochemical bath for deposition of nanostructured CdS and Cd 0.4 Zn 0.6 O films.
Electrochemical deposition of CdS and Cd 0.4 Zn 0.6 O films onto the c-Si/PS and c-Si/PSCD substrates was carried out at a temperature of 80°C in an aqueous solution of CdCl 2 + Na 2 S 2 O 3 and Zn(NO 3 ) 2 + Cd(NO 3 ) 2 (99.5% purities) salts, respectively (Table 1) [19] [20] [21] . Cyclic voltammetry based on obtaining and decoding the current-voltage dependences of the polarized electrode-electrolyte solution interface was used to control electrochemical reactions in each solution, and then in their combined solution with the same concentration and pH. Cyclic DOI: http://dx.doi.org /10.5772/intechopen.88316 voltammograms were scanned in the potential range from 1.2 to −1.2 V with the graphite (or Ag/AgCl) electrodes. Depending on the deposition time and pore size of the substrate, the 100-600-nm-thick CdS and Cd 0.4 Zn 0.6 O films with various surface morphologies were deposited. All the films showed n-type conductivity.
In order to fabricate the heterojunctions, an ohmic In (or Au) electrode, in grid form, was evaporated on the CdS and Cd 0.4 Zn 0.6 O films with an area of ~0.62 cm 2 (Figure 1) . Aluminum (Al) was evaporated on the back side of the p-Si wafer as the ohmic electrode, followed by annealing at 500°C in a vacuum for 20 minutes.
Morphological, elemental, structural, and optical analyses
SEM images were obtained using a JEOL JSM-7600F and ZEISS Gemini 300 microscopes with energy dispersive spectroscopy (EDS) analysis. Figure 2 (a) illustrates the SEM images for PS surface formed at anodizing potential of 20 V, current of 10-40 mA/cm 2 , and time of 1800 sec. As can be seen from the figure, only nonhomogeneously distributed cavities are formed on the surface of the p-Si surface, after the anodizing in solution without CdCl2. Only in some parts of the surface appear the pore cores.
EDS spectrum shows a very small amount of hydrogen in the surface of these samples (Figure 2(b) ). This fact proves only electropolishing of the c-Si surface in HF + H2O + ethanol solution at low anode potentials.
Unlike that, SEM images for PSCD layers, formed at anodizing potential of 20 V and current of 40 mA/cm 2 in HF + CdCl 2 + H 2 O + ethanol solution, show pores with very small dimension on the surface (Figure 3(a) ). EDS spectrums confirm that Cd and hydrogen are on the surface of the layers (Figure 3(b) ). The results show that Cd 2+ ions together with Si 2+ participate in charge exchange and accelerate the formation of initial growing piths on c-Si surface. Table 1 . Mole fraction of salts and deposition current and potential for the CdS and Cd 0.4 Zn 0.6 O films.
Figure 1.

Schematic structure of gas sensors (a) and solar cells (b) on the basis of PS and PSCD
As a result, along with Si, cadmium atoms also deposit at the bottom and inside walls of the pores, causing the reduction of non-stable Si-H x bond concentration and their replacement by Si-Cd bonds. Subsequently, the neutralizing Cd atoms in the pores as a result of the charge exchange determine the structure of the pores. EDS spectrum of PSCD layers indicates the presence of Cd atoms on the pores.
Increasing the anode potential up to 25-30 V (at current of 10-40 mA/cm 2 ) changes the nature of the anodizing-formation of pores is accelerating. SEM images show oval or spherical pores, which are distributed nonhomogeneously on the surface for PS samples (Figure 4(a) ). The average dimensions of spherical-shaped pores were about 7-30 nm, and dimensions of oval-shaped pores were about 10-110 nm. Distribution of such pores on PS surface may be due to an irregular distribution of the anode current at Si-electrolyte boundary or relative weakening of the Si 2+ ion neutralization process because of "charge deficiency" in certain parts of the surface.
EDS spectrums show the oxygen in PS layers after keeping in the open air (Figure 4(b) ). True, the PS samples also have Si-H x bonds, but the unstable bonds lead to degradation of parameters of the devices (gas sensors and solar cells). Si-O x bond leads also to an increase of the PS resistivity.
SEM investigations show that, unlike PS layers, pores in PSCD layers, prepared at anodizing voltage of 30 V, are distributed homogeneously and almost show spherical form cavities (Figure 5(a) ). The subsequent increase of anode voltage (up to 40 V) almost does not change the size ( Table 2 ) and shape of the pores. This fact shows that the Cd 2+ ions promote a uniform distribution of charges and anode voltage across the entire surface at the silicon-electrolyte interface. Uniform Nanostructured Silicon Sensors DOI: http://dx.doi.org /10.5772/intechopen.88316 distribution of voltage on the silicon surface results in formation of pores with spherical shape. It is established that the size of the pores can be regulated only by anodizing current ( Table 2) . EDS spectrums testify an increase of Cd and a decrease of oxygen concentrations in the pores (Figure 5(b) ).
It was possible to increase the size of the pores to 70-80 nm by increasing the anode current up to 70 mA/cm 2 (Figure 6(a) and (b) ). It should also be noted that with the increase of the anode current, the location degree of Cd atoms in the pores also varies. Thus, EDS spectrums testify an increase of Cd and a decrease of oxygen concentrations in the pores, with increasing the anode current up to 55-60 mA/cm 2 . This fact shows that the low concentration of Si-O x bonds is formed in the pores, i.e., the most of Si-H x bonds are replaced by Si-Cd bonds (Figure 5(b) ). Note that those EDS spectrums were drawn for samples immediately after depositing and after saving 1 month. In both cases, the same result is obtained-oxygen concentration in the pores has not changed. This also indicates that the PSCD layers prepared in metal ionic environment (in HF + CdCl 2 + ethanol solution) are stable.
But, further increase in current value up to 70 mA/cm 2 leads to the decrease of concentration of the Cd atoms and increase of oxygen concentration, as confirmed by EDS studies. However As seen from Figure 8 , when PSCD2 is used as substrate, the size of the nanograins gets reduced due to the controlled process of nucleation, and nano-size grains are uniformly distributed at the surface. The size of particles, as determined by SEM, is found as 80-190 nm for CdS and 10-40 nm for Cd 0.4 Zn 0.6 O films.
The morphology of the films changes dramatically, when replacing substrates of PSCD2 with PSCD3 (with a pore size of 30 nm), since the crystallite sizes in both films increase and their uneven distribution is observed from SEM images (Figure 9) . The size of the grains was different from each other, indicating irregular growth rate of the grains.
The crystal phase structure of films CdS and Cd 0.4 Zn 0.6 O was analyzed with a Shimadzu XRD-6100 diffractometer. X-ray diffraction patterns of Cd 0.4 Zn 0.6 O and CdS films deposited on glass/SnO 2 substrates confirm that they possess a hexagonal wurtzite and cubic structures, respectively. Cd 0.4 Zn 0.6 O films have a polycrystalline structure with a strongly preferred (002) c-axis orientation (as evidenced by the high intensity of the (002) diffraction peak). X-ray diffraction pattern of the CdS films shows peaks at 27, 44, and 52° corresponding to the planes (111), (220), and (311), respectively. 
Electrical characterization and gas sensitivity of p-Si/PS/CdS and p-Si/PS/Cd 0.4 Zn 0.6 O heterojunctions
Electrical properties of heterojunctions were studied depending on the crystallite and pore size. Current-voltage (J -V ) characteristics show that all heterojunctions possess rectifying properties. The rectification factor and current passage mechanism through the junction region depends strongly on the pore and crystallite size. Figure 10 represents the J -V characteristics for as-deposited heterojunctions of p-Si/PSCD/CdS and p-Si/PSCD/Cd 0.4 Zn 0.6 O based on PSCD1, PSCD2, and PSCD3 substrates. The pass direction corresponds to positive polarity of the external bias on the c-Si layers.
The rectification at U = 1 V increases from 2340 to 4670 for c-Si/PSCD/CdS and from 780 to 1650 for c-Si/PSCD/Cd 0.4 Zn 0.6 O heterojunctions, when replacing the PSCD1 substrates with PSCD2. As seen from Table 3 , rectification in both types of heterojunctions is decreased sharply, when PSCD3 is used as substrate. It is assumed that the change in rectification factor value depending on the pore size is due to the oxygen or nitrogen molecules, because in order to remove excess water from pores and films, heterojunctions were dried in air, just after the deposition (as-deposited heterojunctions). In this case, adsorbed oxygen or nitrogen molecules to the silicon pores (mainly for PSCD3 substrates) create the acceptor states in junction region and thus increase recombination acts. It is established that the degree of adsorption depends on pore size. To confirm this fact, heterojunctions were heat-treated in a vacuum at 50-70°C, and J -V characteristics were taken in a vacuum. It is established that the rectification in heterojunctions deposited onto the PSCD2 substrates remained almost unchanged ( Table 4 ). But the rectification in both types of heterojunctions on the base of PSCD3 substrates increases sharply, which, by our opinion, is due to desorption of oxygen or nitrogen molecules ( Table 4) .
To prove this, we carried out additional experiments on these heterojunctions. Direct current at U = 1 V was measured in air with different concentrations. Direct current in heterojunctions with PSCD2 has not changed and in heterojunctions with PSCD3 decreased with increasing air concentration (Figure 11) .
Dependences of direct current at U = 1 V for heterojunctions with PSCD1, PSCD2, and PSCD3, on the concentration of various gases (oxygen, nitrogen, methane, and ethanol vapor), have been investigated. As seen from Figure 12 , the direct current decreases at an insignificant change of the gas concentration. It is suggested that heterojunctions with PSCD3 can be used as gas sensors.
Experiments carried out in various atmospheres on heterojunctions with PSCD1 showed insignificant changes of current, and junctions with PSCD2 do not show Nanostructured Silicon Sensors DOI: http://dx.doi.org /10.5772/intechopen.88316 any changes of direct current, i.e., they have stable parameters. This fact testifies that heterojunctions with PSCD1 and PSCD2 can be used for manufacturing solar cells. Table 3 . Electrical parameters of c-Si/PSCD/CdS and c-Si/PSCD/Cd 0.4 Zn 0.6 O as-deposited heterojunctions depending on the pore size in Si. Table 4 . Electrical parameters of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/ Cd 0.4 Zn 0.6 O heat-treated in a vacuum at 50-70°C, depending on the pore size in Si. The J -V characteristics of heterojunctions with PSCD1 and PSCD2, in natural log scale and temperature dependences of diode saturation current, testify that there is a tunnel-recombination mechanism of current through the junction region at direct voltages, and J -V characteristics of these heterojunctions can be presented by expression:
Here, J 0 is the saturation current density, U is the applied voltage, e is the electron charge, n is the ideality factor, k is the Boltzmann constant, and T is the temperature.
At room temperature the ideality factor values for heterojunctions with PSCD1 were approximately 1.5 and 1.66, respectively, for the heterojunctions c-Si/PSCD1/ CdS and c-Si/PSCD1/Cd 0.4 Zn 0.6 O. The decrease of ideality factor has been observed when PSCD2 substrates is used ( Table 4 ). Figure 13 shows As seen from the figures, the value of cutoff voltage (V c ) is greater than heterojunctions based on PSCD2 substrates. It can be explained by the participation of oxygen (as Si-O x bonds) on the surface of PSCD1 substrates, which can form the oxide layer (as CdO or Cd 1-x Zn x O) between the porous silicon and CdS (Cd 1-x Zn x O) films. This is confirmed by the frequency dependence of straight sections of the C −2 (V) slopes, which indicates an increase of heterojunction capacity with increasing frequency. [23] .
Photosensitivity of p-Si
It is assumed that this is due to light absorption in porous silicon. The slight shifting of a short-wavelength peak in both type of heterojunctions to the more short-wavelength region of the spectrum, with increasing pores size (for PSCD2), is associated by us with the nano-structural properties of CdS and Cd 0.4 Zn 0.6 O films [19] [20] [21] [22] . However, an increase of the optical path of light in nanostructured films leads to an increase of degree of the light absorption; therefore, heterojunctions based on PSCD2 show greater efficiency compared to heterojunctions based on PSCD1 ( Table 5 ).
Conclusions
Gas and photo sensors based on c-Si/PS (or PSCD)/CdS and c-Si/PS/Cd 0.4 Zn 0.6 O heterojunctions were fabricated by electrodepositing CdS and Cd 0.4 Zn 0.6 O films onto the c-Si/PS (or PSCD) substrates. SEM images confirmed that the morphological properties of CdS and Cd 0.4 Zn 0.6 O films are governed by the pore size of PS and PSCD. The higher gas and photo sensitivities in heterojunctions based on PSCD were achieved when the pore sizes were 30 and 10 nm, respectively. The pronounced PS pore diameter and anodizing regime dependence of the photo-and gas sensitivity are the main novelty of the present work. We believe that this phenomenon could be exploited in other similar heterojunction types and even in hybrid solar cells containing, e.g., a perovskite charge separation layer. Table 5 . Photoelectrical parameters of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/Cd 0.4 Zn 0.6 O heat-treated in a vacuum at 50-70°C, depending on the pore size in Si.
